Abstract. Growth and inflammatory factors are associated with poor prognosis in gastric adenocarcinoma (GA); however, the additive effects of growth and inflammatory factors in GA remain unclear. In this study, we investigated the ability of epidermal growth factor (EGF) and interleukin (IL-1β) to activate extracellular signal-regulated kinase (ERK)1/2 in GA cells, and correlated the relationships between their roles with the metastatic potential both in GA cells and GA tissues. The effects of EGF, IL-1β and EGF plus IL-1β in AGS and MKN-45 GA cells were examined using western blotting, Transwell migration and invasion assays, immunocytochemical staining and an activator protein (AP)-1 luciferase reporter gene assay, and was further characterized in GA tissues by immunohistochemistry. The results exhibited that EGF and IL-1β additively activated ERK1/2, increased migration and invasion than either EGF or IL-1β alone in AGS and MKN-45 cells. The mechanisms were involved in upregulating MMP-9 expression through increasing AP-1 transcriptional activity via ERK1/2 pathway; these effects were dose-dependently inhibited by silencing ERK1/2 or using U0126. In vivo data also confirmed that the overexpression of p-ERK1/2 in GA tissues correlated well with the EGF, IL-1β, EGF plus IL-1β, and was associated with metastasis, which was well correlation with the expression of MMP-9 and c-fos (AP-1). The results demonstrate that growth and inflammatory factors play an important role in metastasis of GA by additively activating ERK-1/2 and AP-1, and upregulating MMP-9. As both cytokines contribute to the migration and invasion of GA cells, EGF/IL-1β/ERK1/2 pathways may be key pathways closely associated with GA progression.
Introduction
Gastric cancer is one of the most common malignancies worldwide (1). The 5-year survival rates for gastric cancer remain poor throughout the world (1, 2) , especially in patients with advanced disease or metastasis, as gastric cancer is highly aggressive and resistant to anticancer drugs. Though the molecular mechanisms regulating the development of gastric cancer are not yet fully elucidated, increased cell migration and invasion are closely related to carcinogenesis and poor prognosis in gastric cancer (3) . Therefore, understanding the mechanisms which regulate these biological changes in gastric cancer cells may help to reduce the incidence of gastric cancer and lead to the identification of novel methods to protect against or treat gastric cancer.
Activation of extracellular signal-regulated kinase (ERK), a major member of the mitogen-activated protein kinase (MAPK) superfamily, can increase migration and invasion in many cancer cells (4, 5) . Six mammalian ERK homologs have been identified to date, termed ERK1, ERK2, ERK3, ERK5, ERK7 and ERK8 (6, 7) . It is well established that MAP3K kinases can activate MAP2K kinases, which in turn can activate MAPKs. Multiple MAP3Ks and MAP2Ks have been verified to activate the ERK signaling pathway; including MAP3Ks such as Raf and MEKK3, and MAP2Ks such as MAPK/ERK kinase 1 (MEK1) and MEK2. ERK1/2 is a direct substrate of MEK1 and MEK2 (8) . ERK1 and ERK2 are two of the most essential regulators of cell growth, proliferation, differentiation, migration and invasion (9, 10) . Activation of ERK1/2 is observed in many human cancers and is closely related to cancer cell progression and poor prognosis. Therefore, the ERK1/2 signaling pathways are regarded as potentially useful targets for the treatment of cancer (11) . A variety of growth factors including epidermal growth factor (EGF) can activate ERK1/2 and lead to increased cell growth, differentiation, migration and survival. Although it is well known that the EGF/Raf/MEK1/2/ERK1/2 pathway is closely associated with cancer cell metastasis, and activation of ERK1/2 is capable of promoting the growth of gastric cancer cells (12) , the effect of ERK1/2 signaling on the metastasis of gastric adenocarcinoma cancer (GA) cells remains to be determined.
Inflammation induced by cytokines plays important roles in cancer carcinogenesis and progression, especially in gastric cancer. A lot of studies have demonstrated that gastric cancer may be an ʻinflammatory diseaseʼ, due to induction by Helicobacter pylori (HP) infection. One of the most important characterizations of HP infection is elevated interleukin (IL)-1β level in location gastric tissue, which may cause inflammation-associated gastric carcinogenesis. However, the underlying molecular mechanism by which the IL-β signaling is regulated during gastric cancer carcinogenesis is still not understood. Accumulating evidence demonstrates that the tumor microenvironment exerts a variety of pleiotropic effects during malignant processes, and plays an important role in carcinogenesis, malignant transformation and tumor growth, metastasis and survival (13, 14) . Cytokines induced by inflammation or secreted by tumor cells make up the important ingredients of the tumor microenvironment. Previous findings demonstrate that IL-1β is capable of activating ERK1/2 and the transcription factor activator protein (AP)-1 in several cell types, which is believed to promote inflammation-associated carcinogenesis and plays a crucial role in cancer metastasis (15, 16) . However, it is not unclear whether IL-1β can activate ERK1/2 and regulate ERK1/2-mediated metastasis in GA. Moreover, little is known about the additive effects of EGF and IL-1β on the metastasis of GA.
In this study, we determined the additive ability of EGF and IL-1β to activate ERK1/2 in GA cells, and characterized the molecular mechanisms regulating additive effects of EGF plus IL-1β-induced ERK1/2-mediated metastasis in GA cells; furthermore, we investigated the relationship between the expression of EGF plus IL-1β, and the activation of ERK1/2 and the clinicopathological features in GA tissues.
Materials and methods
Cell culture and transfection with siRNA. AGS and MKN-45 cells (American Type Culture Collection, Manassas, VA and Japanese Cancer Research Bank, respectively) were grown in F12 and DMEM medium, respectively (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS) at 37˚C in an incubator containing 5% CO 2 . siRNA against ERK1/2 (Cell Signaling Co., Danvers, MA, USA) (50-200 nM) was transfected into cells with Lipofectamine 2000 according to the manufacturer's instructions.
Western blot analysis for ERK1/2. The western blotting for the expression of ERK1/2 and p-ERK1/2 in AGS and MKN-45 cells used the methods described by us previously (17, 18) . The rabbit anti-human ERK1/2 or p-ERK1/2 antibody was 1:1000 or 500 diluted (Cell Signaling Co.). Anti-β-actin (1:6000 dilution, Sigma, St. Louis, MO, USA) was used as a control for the western blots.
Cell migration and invasion assay. For AGS and MKN-45 cell invasion assays, we used methods described by Sumida et al (19) . Millicell Hanging Cell Invasion Chambers with 8-µm pore filter (Millipore Corp., Billerica, MA) were coated with 12 µl of ice-cold Matrigel (Becton-Dickinson Labware, Bedfore, MA). AGS or MKN-45 cells (5x10 4 /well) were added to the upper chamber of these Matrigel chambers in 200 µl serum-free F12 or DMEM medium with 50 ng/ml human epidermal growth factor (EGF) or 20 ng/ml IL-1β or both (R&D Systems, Minneapolis, MN) or not, which were then put into 24-well plates in F12 or DMEM medium containing 10% FBS. To evaluate the role of inhibitor U0126, cells were pre-treated with the reagent for 3 h, and then performed the stimulations. To evaluate the role of ERK1/2 siRNA in cell migration and invasion, AGS and MKN-45 cells were transfected with scramble siRNA or ERK1/2 siRNA for 36 h, and followed the transfection, the cells were seeded at a density of 5x10 4 /well and then in 200 µl of serum-free medium for the stimulation as mentioned above. Following a 20-h incubation, cells were fixed with methanol and were then stained with crystal violet or Giemsa. Cotton tips were used to remove the cells that remained in the Matrigel or attached to the upper side of the filter. Light microscopy was used to count the cells on the lower side of the filter. The assays were performed in duplicate, and the results were averaged. The methods used for migration assay was almost the same as invasion assay mentioned above except no Matrigel was used for coating the well and the time of incubation was 15 h.
Confocal microscopy assay.
The relationship between the expression of p-ERK1/2, and MMP-9 in response to EGF, or IL-1β or both in AGS and MKN-45 cells were detected by confocal microscopy using methods described by us previously with anti-p-ERK1/2 (Cell Signaling Co.) and anti-MMP-9 antibodies (Abcam Co., Cambridge, MA, USA) (18) . Tissue samples. 105 cases of paraffin-embedded gastric adenocarcinoma (GA) tissue samples were obtained from Fuzhou General Hospital (Fuzhou, Fujian). The tissue samples were used with consent of the patients. This study was approved by the Ethics Committees of Fuzhou General Hospital.
Immunohistochemistry for phosphorylation of ERK1/2, EGF, IL-1β, EGF plus IL-1β, MMP-9 and c-fos. For phosphoryl ation of ERK1/2 (p-ERK1/2) immunohistochemical detection (IHC)
in the 105 cases of GA tissue samples, we used methods previously described for transgelin (20) , using an anti-p-ERK1/2 antibody (1:100 dilution, Cell Signaling Co.) instead of an anti-transgelin antibody. The staining results were assessed on a four-tier scale based on Ju et al (21) and Ebert et al (22) . To assess the levels of EGF, IL-1β, EGF plus IL-1β, MMP-9 and c-fos in GA tissues by IHC, we also used the method described above. Anti-MMP-9, and c-fos antibodies used for IHC were from Abcam Co.; anti-human IL-1β antibody was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Statistical analysis. Statistical significance of immunohistochemistry for p-ERK1/2 was analyzed by the Wilcoxon signed-ranks test, the χ 2 test, the Fisher's exact test and t-test. Spearman' method was applied to evaluate the correlation in expression levels of P-ERK1/2 with IL-1β, EGF, EGF plus IL-1β, MMP-9 and c-fos in GA tissue samples. For other experiments, values are expressed as means ± SD, and independent-sample T test was performed to determine the difference among the groups. P-values <0.05 were considered statistically significant.
Results

EGF activates ERK1/2 and increases cell migration and invasion in GA cells.
The ability of the representative growth factor EGF to activate ERK1/2 signaling was investigated in GA cells. As expected, expression of p-ERK1/2 was detected in both AGS and MKN-45 cells after stimulation with EGF for 30 min, and EGF-induced expression of p-ERK1/2 could be inhibited by the MEK/ERK pathway inhibitor U0126 ( Fig. 1A and B) .
To investigate whether EGF induced the migration and invasion of GA cells were mediated by ERK1/2 signaling activation, AGS and MKN-45 cells were stimulated with EGF in the presence or absence of U0126 or transfected with ERK1/2 siRNA. The results from Transwell assays demonstrated that EGF elevated the migration and invasion of AGS and MKN-45 cells. EGF-induced AGS and MKN-45 cell migration and invasion were significantly and dose-dependently attenuated by knockdown of ERK1/2 using 50-200 nM ERK1/2 siRNA (Fig. 1C-H) . In a similar manner, U0126 significantly and dose-dependently inhibited EGF-induced cell migration and invasion ( Fig. 1E-H) . The results demonstrated that ERK1/2 played an essential role in growth factor-induced cell migration and invasion in GA cells, and demonstrated that the ability of ERK1/2 to stimulate GA cell migration and invasion were mediated by MEK1/2.
IL-1β activates ERK1/2 and increases cell migration and invasion in GA cells.
Recently, increased attention has been paid to inflammatory microenvironment signaling, which has been demonstrated to play an important role in the progression of cancer, including cancer metastasis (23) . The role of ERK1/2 in growth factor-induced metastasis is well characterized (24, 25) ; however, proinflammatory factors can also activate ERK1/2. IL-1β can activate ERK1/2 in several types of cells, including cancer cells (26, 27) . To characterize whether or not IL-1β also participates in ERK1/2 mediated metastasis in GA, we treated AGS and MKN-45 cells with IL-1β. As expected, IL-1β activated ERK1/2 in AGS and MKN-45 cells, as expression of p-ERK1/2 was detected after 30 min stimulation with IL-1β ( Fig. 2A and B) .
The effect of IL-1β on cell migration and invasion in AGS and MKN-45 cells were further examined. AGS and MKN-45 cells were treated with IL-1β. IL-1β increased the cell migration and invasion of the cells. Transwell assays demonstrated that IL-1β-induced cell migration and invasion were attenuated in a dose-dependent manner by siRNA-mediated knockdown of ERK1/2 ( Fig. 2C-F) . Additionally, the MEK/ ERK inhibitor U0126 significantly suppressed IL-1β-induced AGS and MKN-45 cell migration and invasion (Fig. 2C-F) . Taken together, these results demonstrated that IL-1β-induced GA cell metastasis were mediated by the MEK/ERK signaling pathway, and also suggested that ERK1/2 signaling activation may play an important role in inflammatory factor-associated GA cell migration and invasion.
EGF and IL-1β additively increases ERK1/2-mediated-GA cell migration and invasion. Next, we investigated whether growth and inflammatory factors could additively affect GA cell migration and invasion. AGS and MKN-45 cells were stimulated with EGF plus IL-1β. As shown in Fig. 3A and B, an approximately 2-fold increase in p-ERK1/2 expression was observed in AGS (Fig. 3A) and MKN-45 (Fig. 3B ) cells treated with EGF plus IL-1β, compared cells treated with EGF or IL-1β alone. The ability of EGF plus IL-1β to activate ERK1/2 was almost completely blocked by ERK1/2 siRNA or U0126. Additionally, co-stimulation with EGF plus IL-1β additively elevated the migration and invasion of AGS and MKN-45 cells >2-fold, compared to cells treated with either EGF or IL-1β alone (Fig. 3C , E and F) (AGS cells) and (Fig. 3D, G and H)  (MKN-45 cells) . Therefore, growth and inflammatory factors additively promote ERK1/2-mediated GA cell migration and invasion.
EGF and IL-1β additively upregulates expression of MMP-9 in GA cells via activation of the ERK1/2 signaling pathway. Increased expression of MMP-9 is associated with cancer cell migration and invasion (28, 29) . To investigate whether MMP-9 contributes to EGF and IL-1β-induced ERK1/2-mediated metastasis, the activation of ERK1/2 and the expression of MMP-9 were examined by confocal microscopy with a p-ERK1/2 antibody (red fluorescently labeled), and MMP-9 antibody (green fluorescently labeled). As shown in Fig. 4 , there was only a baseline activity of p-ERK1/2, and the expression of MMP-9 was very weak in AGS and MKN-45 cells, without EGF or IL-1β treatment. Whereas, after treated by EGF or IL-1β or both, the expression of p-ERK1/2 and MMP-9 were visibly increased (Fig. 4) . The most obvious elevation of the p-ERK1/2 and MMP-9 had been observed in the cells treated with EGF plus IL-1β (Fig. 4) . Pre-treatment of the cells with pathway inhibitor U0126 or transfection of the cells with ERK1/2 siRNA, significantly suppressed EGF plus IL-1β induced ERK1/2 activation and MMP-9 upregulation (Fig. 4) . ates the expression of MMP-9 (30) and ERK1/2 can regulate the activation of AP-1 (31,32). Our data revealed that both EGF and IL-1β upregulated expression of MMP-9 in AGS (Fig. 4A) and MKN-45 (Fig. 4B) cells. In order to understand whether AP-1 was required for the EGF and IL-1β-induced ERK1/2-mediated upregulation of MMP-9, transcriptional activation of AP-1 was examined in AGS and MKN-45 cells using an AP-1 luciferase reporter gene assay. As shown in Fig. 5 , both EGF and IL-1β increased AP-1 reporter gene luciferase activity in AGS and MKN-45 cells; however, co-stimulation with EGF plus IL-1β additively increased AP-1 activity >2-fold, compared to cells treated with either EGF or IL-1β alone (Fig. 5) . Inhibition of ERK1/2 using ERK1/2 siRNA or U0126 dose-dependently reduced AP-1 reporter gene activity in cells treated with EGF or IL-1β alone or both EGF plus IL-1β (Fig. 5) .
EGF and IL-
The clinicopathological features of gastric adenocarcinoma and relationship between expression of EGF plus IL-1β and phosphorylated ERK1/2, MMP-9, and AP-1.
The expression of p-ERK1/2 with the clinicopathological features of GA was analyzed by IHC assay. As shown in Fig. 6A-D , elevated levels of p-ERK1/2 were detected in GA: p-ERK1/2 was expressed or overexpressed in 57 of the 105 GA tissues (54.29%) compared to 19 of the 105 (18.10%) non-neoplastic tissues (P= 0.006). Positive p-ERK1/2 expression was significantly associated with higher TNM stage, lymph node metastasis, and invasion beyond the serosa, but not with patient age, gender, tumor size, histological type or differentiation grade in GA (Table I) . Expression or overexpression of p-ERK1/2 had no significant relationship with tumor size (≥3 vs. <3 cm; P=0.306), patient age (≥50 vs. <50 years; P=0.793) or gender (male vs. female; P=0.304). In addition, no significant difference in p-ERK expression was observed in tumors with different histological types (P=0.238) or differentiation grades (P= 0.428). Expression of P-ERK1/2 was detected in all four TNM stages; however, p-ERK1/2 was more frequent in stage T4 and T3 than T2 and T1. The expression of p-ERK1/2 was significantly different in patients with and without lymph node metastasis (P= 0.028) and patients with and without cancer invasion beyond serosa (P=0.020). IHC assay was also used to detect the expression of p-ERK1/2 and EGF plus IL-1β. The expression of p-ERK1/2 exhibited correlation with the levels of EGF alone (r= 0.604, P<0.01) or IL-β alone (r= 0.502, P<0.05), but the good correlation was determined between the levels of p-ERK1/2 with the levels of EGF plus IL-1β in GA tissues (Fig. 6E) . Strong positive staining of p-ERK1/2 was detected in the GA samples with higher levels of EGF plus IL-1β; whereas, weak ERK1/2 expression was detected in lower levels of EGF plus IL-1β samples. When analyzed by Spearman's method, a correlation (r= 0.792, P<0.001) between the expression of p-ERK1/2 and EGF plus IL-1β was obtained. The in vivo correlation of the expression of IL-1β plus EGF and p-ERK1/2 with MMP-9 and AP-1 (c-fos) in GA tissue samples was also detected by IHC. The expression of p-ERK1/2 correlated well with the levels of MMP-9 and c-fos in addition to EGF plus IL-1β (Fig. 6E) . The results from statistical analyses showed that elevated p-ERK1/2 expression significantly correlated with the elevated expression of EGF plus IL-1β, MMP-9 and c-fos in GA tissue samples (r=0.792, P<0.001; r= 0.713, P<0.001; r= 0.704, P<0.001; respectively).
In vivo data further confirmed that EGF with IL-1β might additively activate ERK1/2, which in turn upregulated MMP-9 and c-fos expression in GA tissues.
Discussion
The EGF receptor is widely expressed in a variety of different cells, including cancer cells (33) . Extensive research has been performed to characterize the role of EGF in cancer cell growth, metastasis and invasion (34) ; however, little is known about the effects of EGF on metastasis in GA. In accordance with previous research in other cancer cell lines (35, 36) , we observed that EGF could increase AGS and MKN-45 cell migration, and invasion via a mechanism mediated by ERK1/2.
It is well established that gastric cancer carcinogenesis is closely related with inflammation. Cytokines, especially IL-1β plays crucial roles in gastric inflammatory reaction, and more and more evidence has suggested that inflammatory signaling also plays important roles in cancer progression (37) . However, the effects of inflammatory factors on the signaling pathways which regulate metastasis are poorly characterized in GA cells, and the combined action of EGF and IL-1β in GA cells has not been detected previously. This study provides the first evidence that GA cell migration and invasion can by induced by IL-1β via activation of ERK1/2. More important, our data also demonstrated for the first time that EGF and IL-1β additively increased GA cell migration and invasion via activation of the ERK1/2 signaling pathway. It has been well documented that ERK1/2 plays a crucial role in the regulation of cancer cell metastasis (9,10); however, the activation of ERK1/2 induced by growth factor plus inflammatory factor and the molecular mechanisms regulating ERK1/2 signaling in GA are still unclear. Here, we also demonstrated that ERK1/2 signaling can be activated by EGF plus IL-1β which was significantly and dose-dependently inhibited by the MEK1/2 inhibitor U0126 or ERK1/2 siRNA. Thus, the facts further confirmed the involvement of the ERK1/2 signaling pathway in the ability of EGF, IL-1β or EGF plus IL-1β to increase GA cell migration and invasion. Therefore, ERK1/2 signaling plays an important role in both growth factor and inflammatory factor-associated migration, and invasion in GA. To investigate the mechanism by which EGF plus IL-1β promoted the migration and invasion of GA cells, we investigated the expression of MMP-9 in GA cells. The breakdown of extracellular matrix (ECM) is an initial, critical step during cancer cell metastasis (38) , and the involvement of MMPs in ECM degradation has been widely documented (38, 39) . MMP-9 is closely associated with cancer invasion and metastasis (30, 40) , as it degrades collagen in the basement membrane, allowing cancer cells to pass through the ECM and spread to the surrounding tissues. Our results revealed that EGF and IL-1β additively induced GA cell migration and invasion via activation of ERK1/2, which in turn elevated MMP-9 expression. Increased MMP-9 expression and activity have previously been identified as one of the major mechanisms by which ERK1/2 mediates cancer cell metastasis (30, 39) . As a target of ERK1/2 signaling, the transcription factor AP-1 can regulate the expression of MMP-9 (41). EGF and IL-1β additively increased AP-1 reporter gene luciferase activity, and this effect could be inhibited by ERK1/2 siRNA and U0126, confirming that the ability of EGF and/or IL-1β to activate AP-1 and upregulate MMP-9 were dependent on ERK1/2 signaling.
In order to verify the above results in vivo, the expression of p-ERK1/2, EGF plus IL-1β, MMP-9 and AP-1 (c-fos) in GA tissues were analyzed. The data exhibited that the expression of p-ERK1/2 correlated well with the levels of EGF plus IL-1β, MMP-9 and AP-1 in GA tissue, and the expression of p-ERK1/2 was detected in more than 50% of the human GA tissues tested, which was closely related to high TNM stage, tumor invasion beyond the serosa and lymph node metastasis. Therefore, both in vitro and in vivo data demonstrated that growth and inflammatory factors additively promote metastasis in GA, by increasing the migration and invasion of GA cells via activation of ERK1/2 signaling. Taken together, our data demonstrate that growth factor and inflammatory factor-induced activation of ERK1/2 may promote cancer cell metastasis in GA.
In conclusion, the results of this study demonstrate that overexpression of p-ERK1/2 is closely associated with metastasis in GA, which correlated well with EGF plus IL-1β. EGF and IL-1β additively increased GA cell migration and invasion via activation of the ERK1/2 signaling pathway, leading to increased AP-1 transcriptional activity and upregulation of MMP-9. ERK1/2/EGF/IL-1β pathways may be closely associated with GA progression.
